IT IS KNOWN THAT THE LIVER undergoes a remarkable maturation process following birth. This process occurs within the first 30 days in rodents but takes up to 5 years in humans (16) . During this postnatal development, the liver acquires an adult gene expression program, and expression of several drug-metabolizing enzymes, transporters, and other enzymes involved in major metabolic processes is initiated (7, 10) . Another striking feature of postnatal liver development is the increase in liver size due to extensive hepatic cell proliferation, which increases liver size to the adult liver weight-to-body weight ratio (1) (2) (3) 12) . The postnatal liver development period is unique because the mechanisms involved in hepatic cell proliferation and hepatic differentiation operate simultaneously during this period. The exact signaling involved in coordinated regulation of the differentiation program and proliferation program is not clear. It is known that several nuclear receptors, including constitutive androstane receptor (CAR), pregnane X receptor (PXR), and hepatocyte nuclear factor (HNF) 4␣, are involved in stimulation of hepatocyte-specific gene expression during postnatal liver development (5, 6, 9) . Previous studies have shown that Wnt/␤-catenin signaling is involved in postnatal liver growth and size increase (1) . However, a central mechanism that regulates both liver size increase and hepatic maturation has not been identified.
Recent studies have shown that the Hippo Kinase pathway plays a critical role in regulation of liver size (15, 18) . Hippo Kinase signaling is highly conserved between species and is involved in organ size regulation in general (4) . Hippo Kinase signaling is initiated by cell-cell adhesion, and the upstream regulators include Fat cadherin as well as NF2 protein (17) . The downstream effector of this pathway is a transcriptional coactivator called yes-associated protein (Yap) (4) . Yap binds to transcription factor TEAD and initiates promitogenic gene expression. Yap expression is high in rapidly dividing cells, and Yap is concentrated in the nucleus where it activates genes such as survivin and connective tissue growth factor. Yap activity is regulated by phosphorylation catalyzed by a serine/threonine kinase called large tumor suppressor-1 (Lats-1), which is in turn activated by another serine/threonine kinase called Mst. Mst phosphorylates and activates Lats, which in turn phosphorylates Yap at serine-127. Phosphorylated Yap is exported out of the nucleus and targeted for 14 -3-3-mediated degradation. Degradation of Yap is known to reduce cell proliferation (15) . However, whether Yap plays a role in hepatic differentiation and maintenance of liver homeostasis is currently not known.
We have investigated the role of Yap in postnatal liver development during postnatal days (PND) 0-30. Our studies indicate that, in addition to stimulating cell proliferation, Yap is also involved in hepatic differentiation. Furthermore, our studies have identified additional target genes of Yap that are critical for liver homeostasis.
MATERIALS AND METHODS
Animals. C57BL/6 pregnant female mice were maintained in an American Association of Laboratory Animal Care-accredited animal facility at the University of Kansas Medical Center. The females were allowed to give birth, and pups (n ϭ 5-6/time point) were killed at PND0, -5, -10, -15, -20, -25, and -30. Both male and female pups were used at PND0, -5, and -10, whereas only male pups were used at the rest of the time points. Yap ϩ/Ϫ mice were obtained from Dr. Hiroshi Sasaki of the RIKEN Institute in Japan (14) . These mice were originally developed by Drs. Sharon Milgram and Elizabeth MorinKensicki at the University of North Carolina (13) . The Yap ϩ/Ϫ male mice were bred with C57BL/6 female mice for at least six generations before using them in any experiments, and this breeding scheme was maintained throughout these studies. The Yap ϩ/ϩ mice used in these studies are all from breeding of Yap ϩ/Ϫ males with C57BL/6 female mice. Male Yap ϩ/ϩ and Yap ϩ/Ϫ mice (n ϭ 5) were killed at PND15 and -30. All animal experiments were approved by the Institutional Animal Care and Use Committee at the University of Kansas Medical Center based on the National Institutes of Health guidelines.
Mice were killed by cervical dislocation under isoflurane anesthesia, and livers were removed. A part of the liver was fixed in 10% neutral buffered formalin and processed to obtain paraffin-embedded sections. A piece of liver was quickly frozen in optimum cutting temperature medium and used to obtain fresh frozen sections. Nuclear and cytoplasmic protein extracts were prepared from freshly isolated livers using the NE-PER cytoplasmic and nuclear protein isolation kit (Pierce, Rockford, IL) at the time of death. Remaining liver tissue was snap-frozen in liquid nitrogen, stored at Ϫ80°C, and used to make total cell extracts.
Immunohistochemistry and immunofluorescence. Four-micrometer-thick paraffin sections were used for proliferating cell nuclear antigen (PCNA) immunohistochemistry as previously described (1). Slides were viewed under an Olympus BX51 microscope equipped with a DP-71 camera and imaging system. Three slides per time point, each from a separate mouse, were used to count 1,000 cells/slide for PCNA-positive cells to obtain the percentage of PCNA-positive cells. Protein isolation and Western blotting. Cytoplasmic and nuclear extracts were prepared from fresh liver tissues using the NEPER Nuclear and Cytoplasmic Protein Extraction Reagents (Pierce).
Total protein was isolated from livers using RIPA buffer (1% SDS, 20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.5% Nonidet P-40, 1% Triton X-100, 0.25% sodium deoxycholate, and protease and phosphatase inhibitors at a concentration of 1:100) using glass homogenizers. Protein concentrations of nuclear, cytoplasmic, and total protein lysates were determined using the bicinchoninic acid protein assay reagents (BCA method) (Pierce). Nuclear and cytoplasmic extracts (3-5 g) and total protein lysates (50 g) were separated by electrophoresis on 4 -12% NuPAGE Bis-Tris gels with MOPS buffer (Invitrogen, Carlsbad, CA) and then transferred to Immobilon-P membranes (Millipore, Bedford, MA) in NuPAGE transfer buffer containing 20% methanol. Membranes were stained with Ponceau S to verify loading and transfer efficiency. Membranes were probed with primary and secondary antibodies in Trisbuffered saline-Tween 20 containing either 5% nonfat milk or 5% BSA depending on the antibody used. All antibodies used for Western blot (both primary and secondary) were purchased from Cell Signaling Technologies (Danvers, MA). Signal was visualized by incubating the blots in SuperSignal West Pico chemiluminescence substrate (Pierce) and exposure to X-ray film (MidSci, St. Louis, MO). Blots were scanned, and densitometry was performed using the UN-SCAN-It software (Silk Scientific, Orem, UT).
Caspase-3 assay. DEVD-Afc was used as a substrate to determine caspase-3 activity. Cytoplasmic extracts (20 g protein) from the livers of Yap ϩ/ϩ and Yap ϩ/Ϫ mice at PND15 and -30 were mixed with caspase-3 assay buffer [20 mM PIPES, 100 mM NaCl, 1 mM EDTA (0.5 M, pH 8.0), 0.1% CHAPS, 10% sucrose, pH adjusted to 7.2] along with 2 mM DEVD-Afc in a 96-well plate and incubated over a period of 3 h. Fluorescence was measured at an excitation wavelength of 400 nm and emission wavelength of 500 nm every hour on a Tecan Infinite M200 plate reader.
Gene array analysis. Gene expression analysis for determining the global changes in gene expression of Yap ϩ/Ϫ mouse livers was carried out using the Affymetrix Mouse430_2.0 gene chip. Livers were pooled (100 mg/mouse) from three individuals each for Yap ϩ/ϩ and Yap ϩ/Ϫ for RNA isolation using the TRIzol Reagent with the Phase Lock Gel Heavy protocol. The microarrays were background corrected and normalized, and the gene level was summarized using the Robust Multichip Average procedure (8) . The resulting log (base 2)-transformed signal intensities were used for ascertaining differentially expressed genes. Fold changes were calculated by transforming the differences in log intensity values to the linear scale between Yap ϩ/Ϫ and Yap ϩ/ϩ . All computations were performed in Matlab (R2009b; The MathWorks, Natick, MA) and the Partek Genomic suite (version 6.5; Partek, St. Louis, MO). The gene expression data have been submitted to the GEO database (GSE31281).
Gene set enrichment analysis (GSEA) was carried out using Ingenuity Pathways Analysis [IPA, version 7.6; Ingenuity Systems (www.ingenuity.com)]. Genes with an absolute fold change Ն1.5 (resulting in 590 genes of which 283 were upregulated and 307 downregulated) were selected for analysis. IPA identifies significant networks, functions, and canonical pathways associated with a set of genes based on information gathered in the Ingenuity Pathway Knowledge Base (IPKB). The IPKB is an extensive repository of information on genes and gene products that interact with each other. The significance (P value) of the identified networks, functions, and canonical pathways was calculated using the right-tailed Fisher's Exact Test. This test measures the significance of the overlap between the input genes and the genes in a particular category in the IPKB, reflecting the statistical significance of the network, function, or canonical pathway with respect to the input genes and the reference genes (all genes in the IPKB identified with the particular network, function, or canonical pathway).
To identify the subset of genes that may be directly regulated by Yap, the gene expression data were compared with published Yap-TEAD ChIP-sequencing data (11) .
Real-time PCR. mRNA levels of various genes were quantified in mouse livers using TaqMan-based Real-Time PCR gene expression assay (Applied Biosystems). Total mRNA was isolated from livers using TRIzol reagent (Invitrogen) and converted to cDNA, and Real-Time PCR was conducted on the Applied Biosystems Prism 7300 Real-time PCR instrument using TaqMan Gene Expression Assays as previously described (1).
Statistical analysis. To determine differences between two groups, Student's t-test was performed. Difference between groups was considered statistically significant at P Ͻ 0.05.
RESULTS
Increase in liver size during postnatal liver development. An increase in liver and body weight was observed during the postnatal period, resulting in increased liver-to-body weight ratio between PND0 and PND30. The liver weight increased substantially from PND10 to PND25 and reached the adult (PND90 or 3 mo of age) liver-to-body weight ratio (Fig. 1A) by PND25-30. The increase in liver weight was due to increased cell proliferation as demonstrated by the PCNA analysis. Marked increase in hepatic cell proliferation was observed between PND10 to PND25 (Fig. 1, B-F) .
Yap activation during postnatal liver development. RealTime PCR analysis for Yap showed a biphasic increase during the postnatal period ( Fig. 2A) . Yap mRNA increased after birth with a twofold increase at PND10 followed by a decline at PND20 and increased again (1.8-fold compared with PND0) at PND25, which remained unchanged at PND30. Western blot analysis of nuclear Yap (Fig. 2, B and C) showed substantial increase in nuclear Yap levels at PND15, which further increased at PND20. Immunofluorescence staining of Yap corroborated the Western blot data (Fig. 3) . At PND20, extensive Yap staining was observed in both hepatocyte and biliary cell nuclei (Fig. 3, A and C) . At PND30, substantial cytoplasmic Yap staining was observed along with nuclear staining in hepatocytes (Fig. 3B) . Coimmunofluorescence staining of Yap and CK-19 indicated that Yap is also expressed in biliary epithelial cells (Fig. 3C) . mice are embryonic lethal (13) . Yap ϩ/Ϫ mice were generated on a C57BL/6 background and identified by PCR-based genotyping (Fig. 4A) . Western blot analysis of Yap showed a 50% decrease in Yap protein expression (Fig. 4B) . Liver weight-to-body weight ratio analysis indicated a moderate but statistically significant decrease in total liver weight (Fig. 4C) at both PND15 and PND30. PCNA immunohistochemistry revealed that the decrease in liver weights of Yap ϩ/Ϫ mice is due to decreased cell proliferation (Fig. 4, D and E) . To determine the mechanism behind decreased proliferation in Yap ϩ/Ϫ livers, we studied the expression of promitogenic cell cycle protein cyclin D1 and CDK4 along with cell cycle inhibitors p21 and p27 at PND15 and -30. The Western blot analysis indicates a significant decrease in cyclin D1 expression at PND15 and -30 in Yap ϩ/Ϫ livers (Fig. 4, F and G) . No difference in CDK4, p21, and p27 protein expression was observed. Previous studies have indicated that apoptosis plays an important role in organ size regulation, and Yap has been implicated in stimulating apoptosis. We studied apoptosis in Yap ϩ/ϩ and Yap ϩ/Ϫ livers at PND15 and -30 by caspase-3 activity and TUNEL assay, both of which indicated no change in apoptosis in the livers of Yap ϩ/Ϫ mice during postnatal liver development (Fig. 5, A and B) .
Incomplete hepatic differentiation in Yap ϩ/Ϫ mice. To study the global gene expression changes in the livers of Yap ϩ/Ϫ mice, we performed a microarray analysis using an Affymetrix Mouse430_2.0 chip. The data indicate 22 genes were upregulated (Table 1) , and 56 genes were downregulated more than twofold in the Yap ϩ/Ϫ mice compared with Yap ϩ/ϩ mice ( Table 2 ). The upregulated genes include enzymes such as aspargine synthetase and glucokinase; proteins involved in lipid metabolism and signaling such as lipin1 and fatty acid binding protein 5; and nonprotein coding mRNA H19. The downregulated genes included a number of genes involved in hepatic differentiation, including many cytochrome P-450 enzymes involved in endobiotic metabolism such as Cyp7a1, Cyp26a1, and Cyp2c39; transporters such as Slc26a3 (a chloride ion exchanger), Slc9a3 (a sodium/hydrogen pump also called NHE-3), and Slc25a25 (calcium-dependent mitochondrial solute carrier); nuclear receptors such as NR5A2 (LRH-1) and NR4A1 (Nur77); and a variety of other enzymes, including cathepsin E, glucose-6-phosphatase, and arginosuccinate synthetase 1. To confirm the gene array data, we performed Real-Time PCR analysis for several genes, including Krt19 (cytokeratin-19), Lipin 2, LRH-1, Flrt3, Cyp7a1, and Nur77 (Fig. 6 , A-F) at PND30 and PND90 (3 mo of age). The Real-Time analysis corroborated the gene array data. However, except Nur77, all other genes were expressed at similar levels in Yap ϩ/ϩ and Yap ϩ/Ϫ mice at PND90. The decrease in Nur77 was further confirmed by Western blot analysis at PND30 (Fig. 6G) . These data indicate that the Yap expression resulting from the single functional copy of Yap gene in the Yap ϩ/Ϫ mice is sufficient to regulate the majority of Yap target genes. To determine which of these genes may be direct targets of Yap, we compared the gene expression data with published ChIP-sequencing data. The results indicate that 26 of the 76 differentially expressed (up or down) genes in Yap ϩ/Ϫ livers have a putative Yap (TEAD) binding site (Table 3) .
To determine the major metabolic, disease-related, and toxicologically important pathways affected by Yap, we performed gene set enrichment analysis (GSEA) using the IPA software. We selected genes with an absolute fold change Ն1.5. This criterion provided a total of 590 genes, out of which 283 were upregulated and 307 downregulated. The GSEA indicated that genes regulated by Yap are associated mainly with cancer, genetic diseases, and gastrointestinal diseases (Fig. 7A ) and cardiac hypertrophy, renal and hepatic enlargement, and hepatic cell deaths (Fig. 7B) . The IPA analysis also revealed that Yap regulates genes associated with many liverspecific physiological processes, including nitrogen metabolism, sphingolipid and methionine metabolism, and pathways coregulated by farnesoid X receptor and PXR (Fig. 7C) .
DISCUSSION
Hippo Kinase pathway has been recognized as the major pathway regulating liver size and is implicated in the pathogenesis of hepatocellular carcinoma (HCC) (18) . Yap, the downstream activator of the Hippo Kinase pathway, is an oncogene, and an increase in Yap activation has been observed in many cancers, including HCC (15) . However, the role of the Hippo Kinase pathway and Yap in liver development and maturation has not been studied. Liver undergoes extensive metabolic maturation and size increase during the postnatal period, which is an excellent model to study growth and differentiation mechanisms simultaneously (1, 16) . In these studies, we tested the hypothesis that Yap is involved in hepatic cell proliferation during postnatal liver development. Interestingly, our data suggest that Yap is not only involved in postnatal liver proliferation and size increase but also in hepatic maturation. We observed an increase in Yap activation coinciding with increased cell proliferation in C57BL/6 mice. Furthermore, we observed decreased liver size in Yap ϩ/Ϫ mice secondary to decreased cell proliferation. These data indicate that Yap plays a critical role in postnatal liver size increase. This observation is in agreement with previous reports that ectopic expression of Yap stimulates cell proliferation and hepatomegaly in the liver (4). The moderate decrease in liver-to-body weight ratios and cell proliferation in the Yap ϩ/Ϫ mice can be explained by the fact that the Yap ϩ/Ϫ mice are heterozygous and still maintain ϳ50% of Yap protein expression. Similarly, other pathways such as Wnt/␤-catenin signaling have also been implicated in postnatal liver growth, which may compensate for the loss of Yap-mediated cell mice may be associated with a significant decrease in cyclin D1 expression, but the exact mechanism by which Yap regulates cyclin D1 levels during postnatal liver growth is unknown. Interestingly, we also observed a significant increase in Yap activation during the late postnatal period at PND30, during which hepatocyte proliferation decreases and hepatocyte differentiation is completed. A gene array analysis on the livers of Yap ϩ/ϩ and Yap ϩ/Ϫ mice at PND30 indicated a significant decrease in liverspecific gene expression in Yap ϩ/Ϫ livers. These data suggest that Yap is also involved in hepatocyte maturation. Our analysis further revealed that 26 of the 76 differentially expressed genes in Yap ϩ/Ϫ mice have a putative Yap-TEAD binding site indicating these genes may be directly regulated by Yap. This observation is supported by a recent study where hepatocyte-specific deletion of Yap resulted in decreased liver function and increased hepatocyte turnover (17) . The gene array data indicate that Yap regulates genes involved in a variety of hepatocyte-specific functions, including retinoic acid metabolism, bile acid metabolism, and nitrogen metabolism. Furthermore, a significant decrease in Krt19 gene expression was observed in Yap ϩ/Ϫ mice, indicating a role of Yap in regulating expression of CK-19, a protein involved in biliary epithelium development. These data indicate that Yap activation occurs in mature hepatocytes as well as biliary epithelium cells and is involved in regulation of cell-specific gene expression.
It is known that Yap is a transcriptional coactivator and stimulates gene expression after forming a dimer with transcription factors such as TEAD. Our data raise the possibility that Yap may regulate liver-specific gene expression by cooperating with liverspecific transcription factors such as HNF4␣, HNF1␤, and other nuclear receptors such as CAR and PXR. The exact mechanism behind regulation of many of the specific genes that were downregulated in Yap ϩ/Ϫ livers remains to be studied. However, the gene expression data clearly support the role of Yap in hepatic maturation.
Our results indicate that, apart from regulating organ size via control of cell proliferation, the Hippo Kinase signaling pathway also contributes to cell differentiation. This is plausible because the Hippo Kinase pathway is activated by cell-cell contact, which is necessary for epithelial cell maturation. Thus, the role of Yap in postnatal liver growth and maturation suggests that the Hippo Kinase signaling pathway and Yap respond not only to stimuli that regulate organ size but also to stimuli that induce cell differentiation. The Hippo Kinase pathway and Yap may in fact be the switch between cell proliferation and cell maturation. 
